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Summary
Objective: To investigate the population and morphology of in situ terminal deoxynucleotidyle transferase (TdT)-mediated dUTP nick
end-labeling (TUNEL) stain positive non-apoptotic chondrocytes in hypertrophic zone of human chondro-osteophytes.
Materials and Methods: Chondro-osteophytes from osteoarthritic patients were obtained at joint replacement surgery. Apoptosis was verified
by light microscopic examination of Safranin O stained sections and TUNEL stain. TUNEL staining was also performed on hydrophilic resin
embedded semi-thin and ultra-thin sections combined with the treatment with streptavidin-gold conjugates, observed by light microscopy with
silver enhancement technique (TUNEL-LM with SE) and transmission electron microscopy (TUNEL-TEM) respectively for the simultaneous
evaluation of cellular structure and DNA fragmentation.
Results: In paraffin embedded sections (N=18), 31.5±6.1% of cells in the hypertrophic zone were TUNEL positive, but only 3.8±1.2% cells
in this zone showed apoptotic appearances with cell shrinkage and nuclear condensation. Both in TUNEL-TEM and TUNEL-LM with SE, gold
particles, which indicate DNA fragmentation, were observed within the nucleus of morphologically apoptotic chondrocytes, as well as of
disintegrated, swollen chondrocytes.
Conclusions: In human chondro-osteophytes, hypertrophic chondrocytes might die by oncotic cell death with DNA fragmentation, as well as
apoptosis. © 2002 OsteoArthritis Research Society International
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A clear understanding of the fate of terminally differentiated
chondrocytes is important to elucidate the mechanisms of
normal and pathological enchondral ossification. Many
investigators have reported that some populations of
hypertrophic chondrocytes die by apoptosis in the course of
these processes1–6. Most studies used the terminal deoxy-
nucleotidyle transferase (TdT)-mediated deoxyuridine tri-
phosphate (dUTP) -biotin nick end labeling (TUNEL)
method to identify the DNA fragmentation of apoptotic cells
in the tissue sections7. The population of apoptotic
chondrocytes in the growth plate cartilage detected by
TUNEL method has been reported to vary by species,
20–30% of hypertrophic chondrocytes in the chick sterna1,
8–12% in the chick tibial growth plate2, and about 27% in
the 20-week-old rabbit growth plate4. Similar study on
normal human growth plate has not been done due to the
scarcity of young cadavers.
Chondro-osteophyte is a unique and characteristic bony
protrusion usually seen at the peripheral area of osteoar-
thritic joints, even in the early stage of the disease8,9.
Histologically, they are composed of fibrocytes, pre-
chondrocytes, proliferative and hypertrophic chondrocytes,270which follow the process of chondrocyte differentiation10,11.
Therefore chondro-osteophyte seems to be a useful model
for the investigation of human enchondral ossification in
vivo. We recently reported that approximately 30% of
chondrocytes in the hypertrophic zone and 22% in the
proliferative zone of human chondro-osteophyte from
osteoarthritic joints are TUNEL positive12. However, the
number of apoptotic cells seemed to be less through
transmission electron microscopy (TEM) observation.
Further examination of these apoptotic cells by light and
transmission electron microscopy indicated the presence of
cell death characterized by cell swelling, membrane and
organelle disintegration, as well as typical apoptosis with
cell shrinkage and chromatin condensation. Apoptotic cell
death should be confirmed by the characteristic cellular
morphology using electron microscopy because DNA frag-
mentation itself does not always indicate apoptosis, how-
ever methodological limitation exists in the considerably
small areas for the examination by TEM.
It was hypothesized that these disintegrated chondro-
cytes with cell swelling might have DNA damage and might
also be positive for TUNEL method. To test this, additional
specimens from the same samples used in the previous
study were examined by TUNEL-TEM technique13 to
observe the ultrastructure of TUNEL-positive chondrocytes
in chondro-osteophytes. Interestingly, both apoptotic and
swollen chondrocytes were differentially stained by TUNEL
method. The results of the present study indicate a degree
of non-specificity of the TUNEL method, and the existence
of at least three distinct types of cell death in terminal
hypertrophic chondrocytes.
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TISSUE PREPARATION
Chondro-osteophytes were obtained from 18 osteo-
arthritis (OA) patients who lacked indication of other
inflammatory diseases (age, 46–82 years, average,
64.5 years, 17 women, 1 man) at total hip arthroplasty. The
harvested tissues were immediately cut into small blocks
(5×5×5 mm) and fixed in 4% paraformaldehyde and 1%
glutaraldehyde in 0.01 M phosphate buffered saline (PBS)
(pH 7.4) overnight at room temperature. They were then
rinsed well using PBS, dehydrated using graded alcohol
solutions for a few days, demineralized in 20% EDTA for
1 week and embedded in paraffin. Sections were cut and
stored at 37°C before histological examination.HISTOLOGY AND DETERMINATION OF APOPTOTIC INDEX
Sections were stained with Safranin O for histological
examination using light microscopy. Apoptotic cell popula-
tion was defined as the number of cells with small volume
and condensed, pyknotic nuclei within the hypertrophic
zone as counted at 100× magnification.TUNEL METHOD
TUNEL was performed as described previously7. Briefly,
tissue sections (4.5 m thick) were deparaffinized, incu-
bated in 0.3% H2O2 at room temperature for 30 min, and
treated with 1 mg/ml of hyaluronidase (from bovine testes,
Type III; Sigma Chemical Co., St Louis, MO) in 0.2 M
sodium acetate buffer containing 0.5 M NaCl at 37°C for
60 min. DNA was end-labeled with TdT mixture (biotin-
labeled dUTP 10 l, TdT 2 l, TdT buffer 600 l) at room
temperature for 30 min, and detected by avidin-biotin
complex, then visualized with diaminobenzidine (DAB) andcounterstained with methylgreen. TUNEL positive cells
were counted as described above.TUNEL-TRANSMISSION ELECTRON MICROSCOPY
Using ultrathin sections (100 nm thick) embedded in
hydrophilic resin (LR-White), modified TUNEL method was
performed according to the method described by Goping
et al.13. Briefly, sections were incubated in TdT mixture for
1 h at 37°C. They were then washed in distilled water.
Streptavidin-gold conjugate (20 nm) was used for direct
visualization. Sections were incubated in a closed humidi-
fied chamber at 4°C overnight with 0.76 g/ml streptavidin-
gold conjugate in PBS, 1% bovine serum albumin (BSA).
They were washed four times in PBS, 1% BSA, four times
in PBS, three times in distilled water and contrasted with
uranyl acetate for 20 min and lead citrate for 5 min, and
examined under a transmission electron microscope
(Hitachi 7100, Tokyo, Japan). The criteria of ultrastructural
appearance of apoptotic chondrocytes included reduced
cellular volume giving a shrunken appearance, margi-
nation and condensation of chromatin, and the presence of
apoptotic bodies.Fig. 1. Light micrograph of hypertrophic zone of chondro-osteophyte. (a): TUNEL stain (original magnification ×50). In the hypertrophic zone,
31.5±6.1% of chondrocytes were TUNEL positive. (b): In Safranin O stained section (original magnification ×50), only 3.8±1.2% of the
chondrocytes in the hypertrophic zone (arrowhead) had features consistent with apoptosis. (c) The percentage of apoptotic cells determined
in Safranin O-stained sections was significantly less than that of TUNEL-positive cells (P<0.001). Data are mean±S.D. Eighteen samples from
different patients were analysed.THE SILVER ENHANCEMENT TECHNIQUE AND ONCOTIC INDEX
To detect the gold particles at the LM level, TUNEL stain
with silver enhancement14 was performed using a silver
enhancement kit (EY laboratories, Inc. San Mateo, CA)
according to the manufacture’s instruction with minor modi-
fication. Briefly, the series of semi-thin sections embedded
in LR-white (1.0 m thickness) from five specimens used
for the ultra-thin section, were incubated with TdT mixture
and gold conjugate in the same manner as described
above and visualized by silver lactate. The sections were
post-stained by toluidine blue briefly to examine the mor-
phology, population, and distribution of TUNEL positive
272 T. Doi et al.: Cell death of chondrocytes in chondro-osteophyteschondrocytes in hypertrophic zone. Apoptotic cell was
defined as TUNEL positive cells with cell shrinkage and
condensed chromatin. Oncotic cells were defined as
TUNEL positive cells with cell hypertrophy characterized
by a swollen appearance, disintegrated cell wall, and
disrupted cytoplasm. Cells were counted under light
microscopy at ×100 magnification.STATISTICAL ANALYSIS
All data are expressed as mean±S.D. The percentage of
apoptotic cells and TUNEL-positive cell was compared by
analysis of variance (ANOVA). The TUNEL positive cell
ratio within the paraffin-embedded thick sections and the
hydrophilic resin embedded semi-thin sections were also
compared by ANOVA. A P value less than 0.05 denoted a
statistically significant difference.ResultsLIGHT MICROSCOPY
Histologically, chondro-osteophytes were divided into
four zones, fibrous cartilage, proliferative, hypertrophic andossified zones. The arrangement of each zone was deter-
mined by morphologic criteria, including cell shape, and
staining with Safranin O [Fig. 1(b)]. The percentage of
apoptotic chondrocytes among the hypertrophic chondro-
cytes, identified in Safranin O-stained sections, was
3.8±1.2% (range 1.8–5.9%). TUNEL method demonstrated
that the percentage of chondrocytes with DNA fragmenta-
tion was 31.5±6.1% (range, 21.9–39.8%) in the hyper-
trophic zone [Fig. 1(a)]. There was a significant difference
between the percentage of TUNEL-positive cells and the
apoptotic cells morphologically determined under light
microscopy [P< 0.001, Fig. 1(c)].Fig. 2. Electron micrograph of chondrocyte cell death in the hypertrophic zone. Five samples from five OA patients were analysed. (a)
Apoptotic chondrocytes appeared dense, shrunken, and showed chromatin condensation with abnormal cytoplasmic membrane. During the
early stages of apoptosis, endoplasmic reticulum (ER) were still seen in the cell. (b) Apoptotic necrosis. Note the disruption of cytoplasmic
organelles by budding and appearance of lipid-like droplets. (c) Typical appearances of chondrocytes undergoing oncosis. Note alterations
in cell volume; the cell is large and swollen and present are cytosols, disintegration of organelles and cell membrane, and vacuolization of
the nucleus. (d) Oncotic necrosis. Surrounded by calcified matrix, a representative cell is shown. Note the irregular shape of nuclear
membrane, vacuolization and dilatation of ER and Golgi apparatus.ULTRASTRUCTURE OF CHONDROCYTES BY TRANSMISSION
ELECTRON MICROSCOPY
In the hypertrophic zone, chondrocytes at various stages
of cell death were observed. Apoptotic chondrocytes were
smaller and denser than near by chondrocytes. In other
areas, nuclear budding, chromatin condensation and cell
debris were noted [Fig. 2(a),(b)]. Furthermore, chondro-
cytes that appeared to be in other forms of cell death were
also noted. These cells were larger than the surrounding
cells which appeared to be normal, and were distended,
Osteoarthritis and Cartilage Vol. 10, No. 4 273with vacuolization of the cytoplasm and convolution of the
cell surface [Fig. 2(c),(d)]. TUNEL-TEM showed accumula-
tion of gold particles on the marginated chromatin of
apoptotic chondrocytes and apoptotic bodies, while no
such deposition was noted in the nuclei of normal chondro-
cytes. It is important to note that the nuclei of disintegrated
chondrocytes also showed positive reaction [Fig. 3(a)–(f)].
There was very slight accumulation of gold particles on
heterochromatin in the nucleus of apparently normal cells.
No gold deposition was seen in cytoplasm of any type of
chondrocyte or cartilage matrix.TUNEL-LM WITH SILVER ENHANCEMENT TECHNIQUE
Gold conjugates, which indicated DNA fragmentation,
were enhanced by silver lactate for observation via LM.
In hypertrophic zone of chondro-osteophyte, 25.8±10.3%
of hypertrophic chondrocytes showed positive reaction
for TUNEL-LM with silver enhancement (Fig. 4). The popu-lations of TUNEL positive chondrocytes were not statisti-
cally different from those in paraffin embedded sections. In
the TUNEL-LM with silver enhancement sections,
5.8±4.7% of the positive cells were apoptotic, and
20.1±8.0% were oncotic (Fig. 5).Fig. 3. TUNEL-TEM. (a) Low magnification of apoptotic chondrocyte. (b) Gold particles indicative of DNA fragmentation appear specifically
in the condensed nucleus. (c) Low magnification of oncotic chondrocytes. (d) Accumulation of gold particles on the condensed chromatin of
the disintegrated nucleus. These features are indicative of degenerative changes in oncotic chondrocytes with DNA fragmentation. (e)
Senescent chondrocyte with normal nucleus and abundant cytoplasmic organelles, Golgi body and endoplasmic reticulum. (f) Higher
magnification of inset of (e) showing absence of gold particles in the nucleus of a normal chondrocyte.Discussion
Apoptosis and necrosis have been regarded as two
major forms of cell death. The morphological charac-
teristics of apoptotic cells include cellular shrinkage and
pyknosis, chromatin condensation, budding of the
membrane-bounded vesicles, and presence of apoptotic
bodies15,16. However, the term, necrosis is used here to
refer to the final morphological changes seen after cell
death, and does not include the process of cellular reaction
toward death17. Majno and Joris described the morphology
of cells undergoing two of the distinct modes of cellular
change leading to cell death, apoptosis and oncosis18. The
274 T. Doi et al.: Cell death of chondrocytes in chondro-osteophytesFig. 4. (a) Hypertrophic zone chondrocytes in chondro-osteophyte stained by TUNEL-LM with silver enhancement technique (×25). (b)
Higher magnification (oil immersion) of inset at far left. Arrows indicate the nuclear localization of silver enhanced gold particles in oncotic
and apoptotic chondrocytes. (c) Higher magnifiction of far right inset showing gold deposits within the nucleus of an apoptotic cell. (d) Higher
magnification of upper right inset showing accumulation of gold particles in the nucleus of an ontotic chondrocyte.Fig. 5. The populations of morphologically apoptotic- and oncotic-
TUNEL positive chondrocytes in hypertrophic zone. In semi-thin
sections stained by TUNEL-LM with silver enhancement
technique, TUNEL positive chondrocytes were distinguished as
apoptotic and oncotic chondrocytes according to the morphological
criteria. The population of TUNEL positive chondrocytes
(25.8±10.3%) was not statistically different from those in paraffin
embedded sections [Fig. 1(c)].term oncosis was first coined by von Recklinghausen in
bone cells of patients with rickets and osteomalacia and in
human hypertrophic chondrocytes in the growth carti-
lage18. In oncosis, the cells undergo swelling with dilution
of cytosols, and the formation of blebs at the cytoplasmic
surface. Recently, cell death by oncosis has been recog-
nized, and reported in human smooth muscle cells in
atherosclerotic lesions19,20, myocytes in ischemic heart
disease of human21,22 and rabbit23, human macrophagesinfected with Shigella flexneri24, and a human monoblastic
cell line after induction by Shigella flexneri25, and the rat
pancreatitis model26. Oncotic cell death is known to follow
tissue ischemia, often observed in bone and cartilage that
have little or no blood supply18. Although the molecular
mechanisms of oncotic cell death are not fully understood,
oncosis is believed to be based on the failure of ionic
pumps and increased plasma membrane permeability and
depletion of ATP stores27,28. Trump et al.27,28 reported that
ion deregulation, calcium ion particularly plays an important
role in cell swelling and death. More recently, Levin29
recommended that the appropriate use of the term necrosis
be used to refer to an end state rather than a process. Used
in this sense, necrosis is the terminal condition of the cells
after they have died regardless of the prelethal process. If
the cell exhibits apoptotic or oncotic cytomorphological
features, it should be considered as ‘apoptotic or oncotic
necrosis’. The authors of the current study also use the
term necrosis in that sense.
TUNEL stain is a widely accepted method to detect the
DNA in fragmented nuclei. In the course of apoptosis, the
activation of endonuclease cleaves the DNA at sites
between nucleosomes, and shortens the fragments into
180 bp nucleosomal units. The 3′-OH ends appeared on
DNA fragments are enzymatically labeled in TUNEL stain.
Although numerous reports have associated DNA frag-
mentation with ultrastructural changes in apoptotic cells,
TUNEL staining also detects cells undergoing cell death
other than apoptosis or oncosis. Oncotic myocytes also
include DNA fragments in their nucleus, which are TUNEL
positive28. If one assumes that the TUNEL method stains
only or almost only apoptotic cells, the stainability of DNA
fragments in dying cells other than apoptotic cells raises
the possibility of false positive counts. For these reasons,
verification of the apoptotic counts would require evidence
from ultrastructural studies or DNA ladder assay.
In the present study, we demonstrated the morphological
evidence for two distinct patterns of chondrocyte cell death
in human enchondral ossification at both LM and TEM
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ation of cellular ultrastructure and DNA fragmentation in the
same chondrocyte [Fig. 3(b),(d)]. TUNEL-TEM detected
the DNA fragmentation within the nuclei of disintegrated
and swollen chondrocytes, as well as apoptotic chondro-
cytes. TUNEL-LM with silver enhancement method en-
abled us to estimate the population of both apoptotic- and
oncotic- TUNEL positive chondrocytes in the hypertrophic
zone. The differences in the percentages of TUNEL positive
cells, both apoptotic and oncotic, between the 4.5 m thick
paraffin embedded sections and the 1 m thick semi-thin
sections might be attributed to relatively small number of
specimens, variation within the specimens, and the thick-
ness of the sections used for TUNEL-LM with silver
enhancement analysis. Further study using cell lines, and
in vivo models of osteoarthritis (OA) to clarify this interest-
ing discrepancy is in process. Methodologically, avidin
binding to cellular biotin used in the present study can be a
source of error of excessive staining. However, few gold
deposits were observed in the nucleus of adjacent normal
chondrocytes, or cytoplasm of disintegrating and apoptotic
chondrocytes.
The hypertrophic chondrocytes with cell swelling and
cytoplasmic disintegration of organelles might be con-
sidered oncotic and yet functional, based on previous
evidence that hypertrophic chondrocytes still can syn-
thesize significant levels of proteins30, such as type X
collagen, osteopontin, PTH/PTHrP receptor, fibroblast
growth factor (FGF) receptor 1, and connective tissue
growth factor (CTGF)31. In conclusion, death of hyper-
trophic chondrocytes may occur through apoptosis as
well as another type of cell death, which is morphologi-
cally consistent with oncosis. Our hypothesis may partly
explain the false positiveness of TUNEL stain for the
detection of apoptosis. Caution should be exercised in the
use of TUNEL staining to quantitate apoptotic cells in
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